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In mammals, secretion of GDNF by the metanephrogenic mesenchyme is essential for branching morphogenesis of the
ureteric bud and, thus, metanephric development. However, the expression pattern of GDNF and its receptor complex—the
GPI-linked ligand-binding protein, GFRa-1, and the Ret tyrosine kinase signaling protein—indicates that it could operate
at early steps in kidney development as well. Furthermore, the developing nephric systems of fish and amphibian embryos
express components of the GDNF signaling system even though they do not make a metanephros. We provide evidence that
GDNF signaling through GFRa-1 is sufficient to direct pathfinding of migrating pronephric duct cells in axolotl embryos by:
(1) demonstrating that application of soluble GFRa-1 to an embryo lacking all GPI-linked proteins rescues PND migration
n a dose-dependent fashion, (2) showing that application of excess soluble GFRa-1 to a normal embryo inhibits migration
nd that inhibition is dependent upon GDNF-binding activity, and (3) showing that the PND will migrate toward a
DNF-soaked bead in vivo, but will fail to migrate when GDNF is applied uniformly to the flank. These data suggest that
PND pathfinding is accomplished by migration up a gradient of GDNF. © 2000 Academic Press
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2INTRODUCTION
In the axolotl, the incipient pronephros and pronephric
duct (PND; also known as the Wolffian, mesonephric, or
nephric duct) first appear as a homogeneous bulge in the
mesoderm directly ventral to somites 3–7, at approximately
embryonic stage 20 (Bordzilovskaya et al., 1989). Cells in
the caudal region of this bulge—the presumptive PND—
then migrate posteriorly as a cohesive stream along the
ventral border of the somites until they reach and fuse with
the cloaca at approximately stages 28–30. Tissue transplan-
tation studies have revealed that PND migration is a tightly
choreographed event controlled by strict directional, spa-
tial, and temporal signals emanating from the overlying
epidermis and possibly the underlying lateral mesoderm
along the migratory pathway (Poole and Steinberg, 1981,
1982; Gillespie and Armstrong, 1986; Zackson and Stein-
berg, 1986; Drawbridge et al., 1995; Drawbridge and Stein-
berg, 1996). A recent resurgence in interest in amphibian
pronephric development and mammalian mesonephric de-
velopment has provided us with several candidate genes
1 To whom correspondence should be addressed. Fax: (609) 895-
p5782. E-mail: drawbridge@rider.edu.
116expressed in the correct spatiotemporal pattern to be in-
volved in PND motility and/or pathfinding (see Carroll et
al., 1999, for a review). This study focuses on exploring the
roles of glial cell line-derived neurotrophic factor (GDNF)
and GDNF family receptor a-1 (GFRa-1), a ligand and
coreceptor for the Ret transmembrane tyrosine kinase, in
promoting PND migration in the axolotl.
The Ret tyrosine kinase is activated by secreted signaling
molecules that are distant members of the TGFb family.
However, these signaling proteins do not bind directly to
Ret. Instead, Ret activation is mediated by a ligand-binding,
glycosylphosphatidylinositol (GPI)-linked coreceptor (re-
viewed in Airakinsinen et al., 1999; Rosenthal, 1999). In
vitro, Ret can be activated in cis, when the coreceptor is
expressed on the same cell as Ret or in trans, by a soluble
coreceptor or one expressed on an adjacent cell (Sanicola et
al., 1997; Yu et al., 1998) (see Fig. 1). However, it has
recently been shown that Ret signaling through GFRa-1 in
rans is less effective than in cis (Tansey et al., 2000),
ringing into question the role of trans signaling in vivo.
At present, we know of four GPI-linked coreceptor:ligand
airs that can trigger Ret signaling: GFRa-1:GDNF, GFRa-
:neurturin (NTN), GFRa-3:artemin, and GFRa-4:perse-
hin (see references in Airakinsinen et al., 1999; Rosenthal,
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117Pronephric Duct Guidance System1999). Although there is some overlap, each coreceptor:
ligand pair is expressed in a specific subset of cell types in
the developing nervous and excretory systems. Some pro-
miscuity of the ligands for the different coreceptors has
been demonstrated in vitro (Baloh et al., 1997; Buj-Bello et
l., 1997; Creedon et al., 1997; Klein et al., 1997; Sanicola et
al., 1997; Trupp et al., 1998). However, in vivo studies
currently indicate, at least for GFRa-1:GDNF and GFRa-2:
NTN, that each pair has physiologically distinct functions
and ligand activation of Ret signaling is coreceptor specific
(Cacalano et al., 1998; Enomoto et al., 1998; Rossi et al.,
999; Heuckeroth et al., 1999).
The GFRa-1:GDNF coreceptor:ligand pair is apparently
he only one of the four pairs essential for development of
he excretory system (Moore et al., 1996; Pichel et al., 1996;
anchez et al., 1996; Cacalano et al., 1998; Enomoto et al.,
998; Rossi et al., 1999; Heuckeroth et al., 1999). GDNF is
xpressed in nephrogenic mesenchyme; GFRa-1 and Ret are
expressed in cells of the migrating tip of the PND primor-
dium and the branching ureteric bud (Pachnis et al., 1993;
Robertson and Mason, 1995; Schuchardt et al., 1995; Tsu-
zuki et al., 1995; Suvanto et al., 1996; Bisgrove et al., 1997;
Marcos-Gutie´rrez et al., 1997; Homma et al., 2000). When
GFRa-1, GDNF, or c-ret is eliminated via germline trans-
ormation in mice, the neonates die as a result of renal
isgenesis and failed enteric innervation (Schuchardt et al.,
994; Durbec et al., 1996; Moore et al., 1996; Pichel et al.,
1996; Sanchez et al., 1996; Moore et al., 1996; Cacalano et
al., 1998). Further studies reveal that ureteric bud out-
growth and branching are defective in these mutants (Schu-
chardt et al., 1996; Sainio et al., 1997; Pepicelli et al., 1997;
ang et al., 1998; Srinivas et al., 1999). Thus, the GDNF/
GFRa-1/Ret signaling complex is essential for development
f the metanephros.
Some evidence suggests that this signaling complex
ight also be required early in development of the excre-
ory system, well before ureteric bud formation. First, c-ret,
FRa-1, and GDNF expression is detected in PND epithelia
nd nephrogenic mesenchyme of amniote embryos well
efore the ureteric bud forms (Pachnis et al., 1993; Robert-
on and Mason, 1995; Schuchardt et al., 1995; Tsuzuki et
l., 1995; Yu et al., 1998; Golden et al., 1999; Homma et al.,
000). Secondly, c-ret is expressed on the PND primordia of
sh and amphibian embryos (Bisgrove et al., 1997; Marcos-
utie´rrez et al., 1997; Carroll et al., 1999), organisms that
ake neither a ureteric bud nor a metanephros; their
erminal kidney is the mesonephros. Therefore, the func-
ion of the GDNF/GFRa-1/Ret signaling complex in the
excretory system must predate the amniotes’ invention of
the metanephros.
The observation that enteric innervation as well as kid-
ney development fail in GFRa-1, GDNF, or c-ret knockout
mice provides an important clue about the potential func-
tion of these molecules in early excretory system develop-
ment. Both the hindbrain (vagal) neural crest, which gener-
ates the enteric nervous system, and the PND must migrate
to their final destinations in the embryo by following
Copyright © 2000 by Academic Press. All rightuidance information distributed along their respective
athways. Experiments in axolotl embryos have revealed
hat when neural crest of the head is transplanted to the
ank of a donor embryo it follows the same trajectory a
ransplanted PND would take (Zackson and Steinberg,
986; Thibaudeau et al., 1993). Thus, the two tissues which
equire functioning GDNF/GFRa-1/Ret signaling com-
plexes during development—PND and hindbrain neural
crest—can also interpret the same guidance information on
the flank. Furthermore, Zackson and Steinberg, (1989) and
Thibaudeau et al. (1993) showed that cells of the migrating
ND must express GPI-linked proteins on their cell sur-
aces in order to migrate. Here, we test the hypothesis that
et signaling via the GDNF:GFRa-1 ligand:coreceptor pair
unctions in either promoting or guiding PND cell migra-
ion in axolotl embryos.
We show here that application of soluble GFRa-1 to
mbryos denuded of GPI-linked proteins rescues PND mi-
ration in a dose-dependent fashion. Thus, GFRa-1 is iden-
tified as the only GPI-linked protein necessary for PND
migration. Further experiments reveal that in vivo applica-
tion of soluble GFRa-1 to the lateral flank of normal axolotl
embryos inhibits PND migration and that inhibition is
dependent on GDNF-binding activity. We also show that in
vivo application of excess GDNF inhibits PND migration
when applied uniformly to the flank. However, when a
GDNF-impregnated agarose bead is implanted adjacent to
the PND pathway, the PND will migrate toward the bead.
Taken together, our data support a model in which GDNF
signaling through GFRa-1 mediates the pathfinding behav-
ior of the migrating PND in axolotl embryos. Thus, we have
identified the first molecular components of the axolotl
PND guidance system and, in so doing, revealed a function
for GDNF and GFRa-1 in excretory system development in
anamniote vertebrates.
METHODS AND MATERIALS
Embryo Handling
Axolotl embryos were obtained from the Indiana University
Axolotl Colony. Embryos were staged according to Bordzilovskaya
et al. (1989). Control and experimental embryos for each experi-
ment were same-stage siblings. Embryos were manually dejellied
with watchmaker’s forceps prior to microinjection or bead implan-
tation. All procedures and subsequent rearing of embryos were
carried out in full-strength Hepes-buffered Steinberg’s solution (13
HBSt) supplemented with 100 U/ml penicillin and 100 mg/ml
streptomycin as previously described (Thibaudeau et al., 1993).
At the termination of each experiment, embryos were fixed in
2.5% glutaraldehyde in 13 HBSt for 30 min to 1 h, rinsed three
times with 13 HBSt, and denuded of epidermis. The epidermis was
removed with electrolytically sharpened tungsten needles, hair-
loops, and watchmaker’s forceps in petri dishes lined with non-
hardening modeling clay. The pronephros and the PND were
visualized directly subsequent to removal of the epidermis from
the lateral flank. Albino embryos were stained for endogenous
alkaline phosphatase with 5-bromo-4-chloro-3-indolyl phosphate
s of reproduction in any form reserved.
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118 Drawbridge, Meighan, and Mitchell(BCIP) for better visualization of the PND and other flank struc-
tures as described in Zackson and Steinberg, (1988). Data were
recorded via photomicrography.
Microinjection and Agarose Bead Implantation
A General Valve Corp. Picospritzer II was used to microinject
phosphatidylinositol-specific phospholipase C (PI-PLC; Glyko,
Inc.), bovine serum albumin (BSA), soluble GFRa-1(kindly provided
by Dr. M. Sanicola, Biogen, Inc.), and recombinant GDNF (Pepro-
tech, Inc.) into the subectodermal space on the lateral flank of
stages 20–22 embryos essentially as described (Thibaudeau et al.,
1993). Injected proteins were concentrated and buffer exchanged
into 13 HBSt by three rounds of dilution and concentration in
Centricon 10 centrifugation concentrators (Amicon, Inc.). The
concentration of PI-PLC used in the microinjection experiments
was 600 U/ml; the final concentration of BSA was 1 mg/ml; GDNF
(Peprotech, Inc.) and GFRa-1 were at a concentration of 1.7 mM (50
ng/ml GDNF; 85.6 ng/ml GFRa-1) unless otherwise indicated.
pproximately 50–100 nl of protein solution was injected per
mbryo. Embryos were injected at stages 20–21 (the beginning of
ND migration), reared until uninjected sibling controls reached
tages 30–34 (the end of PND migration) then processed for
bservation of PND migration.
Bead preparation was modified from the method of Tang et al.
1998). Briefly, heparin agarose beads (100 mm diameter; Sigma,
Inc.) were hydrated in 13 HBSt, rinsed two times in 13 HBSt, and
then air-dried. Dried beads were then rehydrated in 10 ng/ml BSA,
GDNF, or NTN (Peprotech, Inc.) in 13 HBSt for at least 1 h. After
rehydration, individual beads were implanted into stages 20–21
embryos through a small slit in the epidermis, within the meso-
dermal flank, posterior to the migrating tip of the PND and
adjacent to the normal pathway. Beads were positioned laterally to
the incision, rather than directly beneath it, to prevent extrusion
prior to healing of the epidermis. Since it is known that the
epidermis is important for normal PND migration and that the
PND will migrate around an epidermal wound (Poole and Stein-
berg, 1984; Drawbridge et al., 1995), only embryos which healed
completely were scored. In addition, neither embryos in which the
bead was inserted directly onto the pathway nor embryos which
exhibited abnormal PND migration on the unoperated side were
scored. Embryos were reared to stages 30–34 before fixation.
Assessment of the Extent of PND Migration
In the axolotl, the wave of somite segmentation and PND
migration occur at the same time and move from rostral to caudal
at the same rate (Gillespie et al, 1985; Gillespie and Armstrong,
1986). Gillespie and Armstrong (1986) showed that the posterior tip
of the axolotl PND is located approximately two somite widths
anterior to the posterior-most somite fissure throughout the entire
period of PND migration. Thus, segmenting somites serve as
anatomical landmarks to which the extent of PND migration can
be compared. In agreement with Gillespie and Armstrong, we
found that the posterior tips of PNDs in control uninjected and
BSA-injected embryos were found two, and, sometimes, three
somite widths anterior to the posterior-most somite fissure; these
were scored as PND positions “22” and “23” respectively. A score
of “24, 25,” etc., indicates inhibition of PND migration. Such
mbryos were placed into the “anterior to 23” category.
Copyright © 2000 by Academic Press. All rightRESULTS
GFRa-1 Is the PI-PLC-Sensitive Component of the
ND Migration System
Removal of GPI-linked proteins from stages 20–30 axo-
lotl embryos via subepidermal application of PI-PLC causes
a specific syndrome of morphological defects which include
failure of pharyngeal pouch morphogenesis, body elonga-
tion along the rostrocaudal axis, and PND extension (Zack-
son and Steinberg, 1989; Thibaudeau et al., 1993; Draw-
bridge and Steinberg, 2000). Thibaudeau et al. (1993)
showed that the PND defect was due to removal of GPI-
linked proteins from cells of the PND, rather than from
cells along their migratory pathway.
Since it has been shown that soluble, extracellular
GFRa-1 can mediate GDNF signaling in Ret-expressing
ells (Fig. 1) (Sanicola et al., 1997; Tang et al., 1998), we
erformed an experiment to determine whether GFRa-1 is
he essential GPI-linked protein required for PND migra-
ion. Stages 20–21 embryos were coinjected with PI-PLC
nd soluble GFRa-1 ranging from 0.5 to 200 ng/ml. Table 1
shows that coinjection of GFRa-1 with PI-PLC rescues
ND migration in a dose-dependent fashion, the most
ffective rescue occurring at 25–35 ng/ml GFRa-1. At these
concentrations of GFRa-1 the PND extends to somite level
“22” or “23” greater than 40% of the time. Figure 2 shows
an example of GFRa-1 rescue of PND migration in PI-PLC-
reated embryos. Comparison of Figs. 2B and 2C reveals
hat anteroposterior elongation of the trunk is not rescued
y GFRa-1, even though PND migration is. Thus, we have
a convenient internal control for the activity of PI-PLC;
observation of normal PND migration in an embryo with
foreshortened trunk morphology allows us to reliably con-
clude that rescue of PND migration is due to application of
GFRa-1 rather than to a reduction in PI-PLC activity.
Exogenous GFRa-1 Prevents PND Migration
Although GFRa-1 can rescue PND migration in embryos
lacking GPI-linked proteins, we predicted that application
of soluble GFRa-1 to an untreated embryo should prevent
ND migration. We surmised that excess soluble GFRa-1
pplied to the mesodermal flank would block access of
ndogenous PND cell-surface GFRa-1 to endogenous
GDNF. The data in Table 2 reveal that the posterior tips of
PNDs in control uninjected and BSA-injected embryos are
found two or three somite widths anterior (i.e., at positions
“22” or “23”) to the posterior-most somite fissure in
greater than 95% of embryos evaluated. In contrast, injec-
tion of soluble GFRa-1 inhibits PND migration in 73% of
treated embryos. Coinjection of equimolar amounts of
GDNF with GFRa-1 relieves GFRa-1 inhibition; approxi-
mately 90% of embryos so treated have PNDs at positions
“22” or “23.” Thus, GFRa-1 applied in excess inhibits
PND migration in vivo. Furthermore, GFRa-19s inhibition
of PND migration depends upon its GDNF-binding activity.
s of reproduction in any form reserved.
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119Pronephric Duct Guidance SystemGDNF Is a Chemoattractant to PND Cells in Vivo
In vitro studies showing that GDNF-responsive neurons
and ureteric bud epithelium from rodents will extend
TABLE 1
The Effect of GFRa-1 on PND Migration
in PI-PLC-Treated Embryos
ng/ml GFRa-1
coinjected
with 600
U/ml PI-PLC
Position of the posterior PND tip relative to
the posterior-most somitea
“22” “23”
Anterior to
“23”
0.5 0/20 (0%) 0/20 (0%) 20/20 (100%)
2.5 0/11 (0%) 0/11 (0%) 11/11 (100%)
5 1/16 (6.3%) 0/16 (0%) 15/16 (93.8%)
15 3/16 (18.8%) 0/16 (0%) 13/16 (81.3%)
20 2/14 (14.3%) 0/14 (0%) 12/14 (85.7%)
25 8/18 (44.4%) 0/18 (0%) 10/18 (55.6%)
30 5/17 (29.4%) 2/17 (11.8%) 10/17 (58.8%)
35 4/14 (28.6%) 2/14 (14.3%) 8/14 (57.1%)
50 1/16 (6.0%) 0/16 (0%) 15/16 (94%)
100 1/20 (5.0%) 0/20 (0%) 19/20 (95%)
200 0/14 (0%) 0/14 (0%) 14/14 (100%)
a “22” or “23” indicates that the PND tip is two or three somite
idths anterior to the posterior-most somite fissure; anterior to
23” indicates that the PND tip is more anterior than position
FIG. 1. A diagram illustrating the interaction of the Ret tyrosine k
n cis when GPI-linked GFRa-1 is expressed on the Ret-expressing
surface of an adjacent cell. The significance of trans signaling in v23.”
Copyright © 2000 by Academic Press. All rightoward an exogenous source of GDNF suggested to us that
DNF might help direct the migrating PND to the cloaca
Pichel et al., 1996; Sainio et al., 1997; Tang et al., 1998).
Therefore, we developed an assay to determine whether the
axolotl PND would migrate toward an ectopic source of
GDNF and/or the GFRa-2 ligand, NTN, in living embryos.
Briefly, heparin–agarose beads soaked in GDNF, NTN, or
BSA were inserted into the lateral mesoderm of stages
20–21 embryos, adjacent to the PND pathway, posterior to
the migrating PND tip. When the PNDs of unoperated
sibling control embryos reached the cloaca, the position of
the PNDs relative to the implanted beads in experimental
embryos was determined. Table 3 and Fig. 3 show that the
PND migrated off its normal pathway toward a source of
GDNF in 81.2% of embryos. In 3 of 13 cases in which the
PND responded to the GDNF bead, the PND primordium
bifurcated; part of the PND migrated to the GDNF bead
while the other part migrated along the normal pathway
(Fig. 3D). Neither NTN nor BSA beads were able to redirect
the trajectory of the migrating PND.
Exogenous GDNF Prevents PND Migration When
Microinjected onto the Lateral Flank
Possible functions of GDNF signaling in PND migration
include promoting PND cell motility, providing directional
cues to motile PND cells, or both. Our bead implantation
results suggested strongly to us that PND pathfinding could
e with GFRa-1 and GDNF. In vitro, Ret can be activated by GDNF
or in trans when GFRa-1 is in soluble form or GPI linked to the
as not been determined.inas
celloccur via migration up a gradient of GDNF. This hypothesis
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightpredicts that eliminating the gradient by providing a uni-
form concentration of GDNF to migrating PND cells
should prevent migration. The data in Table 2 reveal that
when GDNF is injected subepidermally onto the lateral
flank, PND migration is inhibited relative to BSA-injected
and uninjected controls. Thus, although the PND will
migrate off its pathway toward a source of GDNF, it fails to
migrate when presented with a uniform distribution of
excess GDNF.
DISCUSSION
In 1989, Zackson and Steinberg showed that removal of
GPI-linked proteins from the embryonic flank via subepi-
dermal application of PI-PLC halted PND migration in
axolotl embryos. Because of this and other evidence, they
proposed that alkaline phosphatase—a cell-surface, GPI-
linked protein distributed in a gradient on the lateral flank
mesoderm of tailbud stage axolotl embryos—provides direc-
tional guidance cues to the migrating PND (Zackson and
Steinberg, 1988, 1989). However, further studies showed
that removal of GPI-linked proteins, including alkaline
phosphatase, from the migration pathway did not prevent
PND pathfinding, while removal of GPI-linked proteins
from migrating PND cells did (Thibaudeau et al., 1993).
TABLE 2
The Effect of Subepidermal Microinjection of GFRa-1 and GDNF
on PND Migration
Injected protein
Position of the posterior PND tip relative to
the posterior-most somite
“22” “23”
Anterior to
“23”
None 45/59 (76.3%) 13/59 (22.0%) 1/59 (1.7%)
BSA 39/53 (73.6%) 14/53 (26.4%) 0/53 (0%)
PI-PLC 1/32 (3.1%) 3/32 (9.4%) 28/32 (87.5%)
GFRa-1 2/22 (9.1%) 4/22 (18.2%) 16/22 (72.7%)
GDNF 3/15 (20%) 1/15 (6.7%) 11/15 (73.3%)
GFRa-1 1 GDNFa 6/10 (60%) 3/10 (30%) 1/10 (10%)
a Equimolar concentrations of GDNF and GFRa-1 were used.
beads (A and D), no bead (B), or a BSA-coated agarose bead (C) as
described under Methods and Materials. At stages 30–34, the
embryos were fixed and denuded of epidermis. In (A–C) the
embryos were stained with BCIP to visualize endogenous PND and
lateral flank alkaline phosphatase activity. (D) The flank of a
pigmented embryo in which a GDNF-coated bead was implanted
dorsal to the normal PND pathway. Note that part of the PND in
(D) migrated dorsally onto the bead; the other part migrated on the
normal PND pathway. Arrowheads indicate the posterior tips ofFIG. 2. Soluble GFRa-1 can rescue PND migration in PI-PLC
reated embryos. Stages 20–21 embryos were injected with either
SA (A), PI-PLC (B), or PI-PLC and 30 ng/ml soluble GFRa-1 (C),
ultured until controls reached stage 30 and denuded of epidermis.
osterior tips of the PNDs are indicated by arrows; the posterior-
ost somite is indicated with an asterisk. Note the foreshortened
odies of PI-PLC-treated embryos.
IG. 3. The PND migrates toward a source of GDNF in vivo.the PNDs. The white spots in (A), (C), and (D) are agarose beads.
s of reproduction in any form reserved.
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121Pronephric Duct Guidance SystemTwo discoveries—(1) c-ret expression within the elongat-
ing PND primordia of fish and amphibians (Bisgrove et al.,
1997; Marcos-Gutie´rrez et al., 1997; Carroll et al., 1999) and
2) Ret’s requirement for a GPI-linked coreceptor (Jing et al.,
996; Treanor et al., 1996)—prompted us to ask whether
FRa-1 might be the relevant target of PI-PLC on the
igrating axolotl PND. The data shown in Fig. 2 and Table
demonstrate rescue of PND migration when soluble
FRa-1 is coinjected with PI-PLC. If PND migration re-
uired more than one GPI-linked protein, then rescue could
ot have been achieved with this experiment. Thus, these
ata tell us that GFRa-1 is the only essential GPI-linked
omponent of the PND migration machinery. This experi-
ent also provides indirect evidence that the manipula-
ions of GDNF and GFRa-1 reported here exert their effects
n PND migration via activation of the Ret tyrosine kinase.
irst, Ret is expressed on the extending PND of amphibian
mbryos (Carroll et al., 1999), and it is the only transmem-
rane kinase known to be activated via GFRa-1 (Airaksinen
et al., 1999). Second, although it has been hypothesized that
GPI-linked GFRa-1 may signal independently of Ret in a
ubset of Ret-negative neurons (Airaksinen et al., 1999;
oteryaev et al., 1999), studies of c-ret and GFRa-1 knock-
ut mice suggest that GFRa-1 cannot signal without Ret in
the excretory system (Schuchardt et al., 1994; Durbec et al.,
1996; Tomac et al., 2000). Finally, we rescued PND migra-
tion in PI-PLC-treated embryos with soluble GFRa-1.
Soluble GFRa-1 cannot trigger a cellular response unless
the responding cell expresses the Ret tyrosine kinase (Sani-
cola et al., 1997; Tang et al., 1998; Yu et al., 1998).
PI-PLC application prevents anteroposterior elongation of
he embryonic trunk as well as PND migration (Drawbridge
nd Steinberg, 2000). However, trunk elongation is not
escued by the concentrations of GFRa-1 used in these
xperiments (Fig. 2). This is not surprising since GFRa-1
expression has never been reported in the actively elongat-
ing tissues of the trunk—dorsal mesoderm and ventral
endoderm (Keller, 1987; Drawbridge and Steinberg, 2000).
Furthermore, GFRa-1 knockout mice exhibit no defects in
longation morphogenesis of these primary tissues. Thus,
hese data tell us that the syndrome of defects caused by in
ivo application of PI-PLC (Zackson and Steinberg, 1989;
TABLE 3
The Effect of GDNF and NTN Bead Implants
on PND Pathfinding
Treatment
PND migrates
to cloaca
PND migrates
to bead
GDNF bead 3/16 (18.8%) 13a/16 (81.2%)
NTN bead 18/18 (100%) 0/18 (0%)
BSA bead 21/21 (100%) 0/21 (0%)
a In three cases the ND “split”; only part of the primordium
igrated toward the bead.hibaudeau et al., 1993; Drawbridge and Steinberg, 2000) is m
Copyright © 2000 by Academic Press. All rightcaused by removal of different GPI-linked proteins from the
different affected tissues.
Although injection of soluble GFRa-1 can rescue PND
igration in PI-PLC-treated embryos, injection of soluble
FRa-1 into untreated embryos inhibits PND migration. In
he PI-PLC rescue experiment (Table 1), rescue of PND
igration was shown to be dose dependent; either too
uch or too little GFRa-1 fails to rescue migration. Thus,
e conclude that the migrating PND can only respond to
DNF when the ratio of GFRa-1 to GDNF is sufficiently
high to promote signaling, but not so high that excess
GFRa-1 blocks access of GDNF to Ret. When GFRa-1 is
injected into a normal embryo (Table 2), the “excess”
condition always exists; therefore, one would expect inhi-
bition of PND migration. However, when an equimolar
amount of GDNF is coinjected with GFRa-1, PND migra-
tion is restored to nearly control levels. Therefore, GFRa-
19s ability to inhibit PND migration is dependent on its
GDNF-binding activity. Furthermore, exogenous GDNF/
GFRa-1 complexes cannot override the function of endog-
nous GFRa-1 and GDNF.
Attempts to determine the order in which Ret, GFRa-1,
nd GDNF interact to trigger Ret kinase activity have
ielded conflicting results. Jing et al. (1996) showed, via
oprecipitation experiments, that GDNF binds GFRa-1
n the absence of Ret and, thus, proposed that GDNF
inding to GFRa-1 is required to initiate interaction with
Ret. However, Eketjall et al. (1999) showed that GDNF
efective in GFRa-1 binding activates Ret as efficiently
s normal and, furthermore, retains the requirement for
FRa-1 to activate Ret. These authors propose that, in
vivo, GDNF interacts with preassociated GFRa-1/Ret
complexes. Examination of the data presented here indi-
cates that the model of Eketjall et al. is more likely in
axolotl PND migration. The data in Table 2 show that
subepidermal application of GDNF alone inhibits PND
migration relative to controls while coinjection of
GFRa-1 and GDNF does not affect normal PND migra-
tion. GDNF is also able to elicit a chemotactic response
from the PND when applied in an agarose bead. Thus,
free, exogenous GDNF can signal to the PND; GFRa-1-
ssociated GDNF cannot. If coinjected GFRa-1/GDNF
omplexes had been able to activate Ret effectively, as
roposed by Jing et al. (1996), then GDNF coinjected with
FRa-1 should have had the same effect on PND migra-
tion as GDNF injected alone.
In order for the axolotl PND to migrate to the cloaca,
PND cells must be both motile and capable of responding to
local, directional guidance cues (see Drawbridge and Stein-
berg, 1996, for a review). GFRa-1 injection experiments
howed that excess coreceptor prevents posterior transloca-
ion of the PND, but do not tell us whether we have
nterfered with cell motility, cell direction–finding, or both.
ur bead implantation and GDNF injection experiments
elp discriminate between these possibilities. Providing the
igrating PND with a GDNF-soaked bead elicits the che-
otactic response shown in Fig. 3, while subepidermal
s of reproduction in any form reserved.
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122 Drawbridge, Meighan, and Mitchellapplication of a solution of GDNF inhibits PND migration
(Table 2). If GDNF functioned solely to elicit cell motility
in the PND, one would not expect inhibition of cell
migration in the latter experiment. Therefore, we propose
that the axolotl PND migrates up a gradient of GDNF to
find its way to the cloaca. If the gradient is abolished
through either blocking access of the PND to GDNF (via
microinjection of soluble GFRa-1), or by distributing
GDNF homogeneously (via microinjection of GDNF), PND
migration is inhibited due to lack of directional informa-
tion. Thus, our experiments indicate that GDNF signaling
promotes either PND pathfinding only or both PND path-
finding and cell motility; it does not function solely to elicit
PND cell motility.
There are three experimental manipulations that cause
the axolotl PND to leave its normal pathway, in vivo:
Rotation of the epidermis overlying the PND will cause it
to turn in the direction of rotation; i.e., the PND recog-
nizes anterior-to-posterior guidance cues presented to it
by the epidermis (Drawbridge et al., 1995). Rotation of
immobilized epidermal extracellular matrix (ECM)
causes the same PND response, indicating that epidermal
ECM is the source of those guidance cues (A. Morris, J.
Drawbridge, and M. Steinberg, unpublished results). In
this work we show that the PND will migrate off its
pathway toward a point source of exogenous GDNF
(Table 1). Are we observing two separate PND guidance
systems, one intrinsic to epidermal ECM and one a
gradient of GDNF? Or, are we altering the distribution of
GDNF, and thus the PND trajectory, in all three experi-
ments? At present, either is equally likely, although the
fact that TGFbs (as well as other growth factors) have
nown ECM-binding activity makes the latter explana-
ion attractive to us (see Taipale and Keski-Oja, 1997;
inha et al., 1998, for reviews).
The fact that implanted NTN–agarose beads did not
ffect the behavior of the migrating PND was surprising
onsidering that NTN can trigger GFRa-1-mediated Ret
ignaling in vitro (Buj-Bello et al., 1997; Creedon et al.,
997; Klein et al., 1997). However, this result does corrobo-
ate gene targeting experiments in mice showing that NTN
s not necessary for excretory system development (Heuck-
roth et al., 1999). Our bead implantations reveal that NTN
oes not signal efficiently to the migrating PND in vivo.
In summary, the discovery of c-ret expression within
he extending PND of fish and amphibian embryos (Bis-
rove et al., 1997; Marcos-Gutie´rrez et al., 1997; Carroll
t al., 1999) implies that Ret signaling is involved in
orphogenesis of the early PND in addition to its well-
stablished role in branching morphogenesis of the ure-
eric bud—a PND outgrowth formed only in amniote
ertebrates. The experiments reported here reveal that
he Ret ligand and coreceptor, GDNF and GFRa-1, func-
ion in the pathfinding behavior of the axolotl PND
rimordium: the PND interprets the spatial distribution
f GDNF via GFRa-1 and, thus, extends posteriorly to thecloaca.
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